Abstract Despite new treatments for castrate-resistant prostate cancer
Introduction
Prostate cancer (PC) is the most common cancer diagnosis among men in developed countries [20] . In addition, PC remains the second leading cause of cancer death in men in the USA and is a significant cause of pain and suffering. Seminal work by Huggins and colleagues showed that PC growth is invariably driven by androgens, and as a result, metastatic PC is initially treated with castration-based therapies to eliminate testicular androgen production [18] . This approach, while initially effective in controlling metastatic PC and palliating many of the symptoms associated with metastasis, eventually fails. When metastatic PC progresses despite primary testosterone-lowering hormonal therapy, the disease is termed "castration-resistant prostate cancer" (CRPC) [46] . Surprisingly, even after a significant reduction in circulating androgens following pharmacological or surgical castration, AR signaling appears to drive CRPC tumorigenesis [7, 35] . Mechanisms include AR gene amplification, acquired somatic mutations, and alternative splicing; all of which can contribute to AR signaling to persist despite low concentrations of circulating androgens. AR activity can be successfully reduced with new hormone-based systemic therapies that are used to treat metastatic CRPC. Specifically, abiraterone, TOK-001 (galeterone), and TAK-700 (orteronel) can reduce extragonadal androgen synthesis thereby decreasing systemic levels of dihydroepiandrosterone (DHEA), androstenedione, and other androgens. Abiraterone is already approved by the Food and Drug Administration (FDA) for use in men with progressive, metastatic CRPC. Highly selective AR antagonists that effectively prevent AR nuclear localization and transcriptional activity have also been developed recently; these newer agents do not have the partial agonistic properties of previous AR modulators [9, 45] . Treatment with one such AR antagonist, enzalutamide (MDV3100), results in a significant improvement in overall survival of patients with progressive CRPC and is also FDA-approved. Unfortunately, the absolute magnitude of benefit is modest-compared to placebo, treatment with enzalutamide in patients with CRPC that has clinically progressed despite docetaxel chemotherapy improves improves the median overall survival by 4.8 months, and survival following progression remains less than a year [34] .
Tumor progression following anti-AR treatment appears to be mediated by several mechanisms that can bypass AR inhibition. For example, AR-targeted therapy may select for cells expressing constitutively active AR mutations or may lead to selection of cells with oncogenic intracellular signaling pathways, such as phosphoinositide 3-kinase (PI3K) activation [6, 35] . Here, we explore the hypothesis that increased glucocorticoid receptor (GR) activity following exposure to androgen blockade can bypass AR antagonism and cause tumor progression.
GR activation has pleiotropic physiological effects and regulates metabolic, inflammatory, and cell survival pathways in various ways depending on tissue type. In hematological malignancies, GR activation is associated with increased apoptosis; however, in sarcomas, GR activation is mitogenic and in most epithelial cells GR activity has potent anti-apoptotic effects [15, 43] . GR and AR are similar not only in structure but also share target gene response elements and regulate a subset of common genes [5, 10] . Furthermore, similar to AR signaling in prostate cancer, GR has an established role in regulating cell survival and anti-apoptotic genes in breast cancer [47, 48] . Interestingly, the poor prognosis associated with increased GR expression in primary breast cancers is dependent on estrogen receptor (ER) expression; high GR expression is associated with a poor prognosis in patients with early-stage ER-negative breast cancer; conversely, high GR expression is associated with an improved prognosis in patients with ER-positive disease [30] .
GR's role in PC is not well understood. Clinically, highdose glucocorticoids can have palliative benefits in metastatic prostate cancer patients by reducing bone pain and increasing appetite [13] . Furthermore, there have been reports that GR activation, in preclinical models of PC with intact AR signaling, can be growth inhibitory [29, 38, 51] . In contrast, in PC cell lines that lack AR expression, but have high levels of GR expression, GR signaling promotes cell proliferation [14, 25, 44, 49] . Previous results from our laboratory [41] and others [50] have shown that immunohistochemically detected GR expression is significantly increased in primary PC samples from patients exposed to androgen deprivation when compared to PC specimens from previously untreated patients [41, 50] . This observation suggested that increased GR expression might follow exposure of PC to anti-androgens or androgenlowering therapies and the potential for GR to bypass inhibited AR pathways.
Here, we test the hypothesis that following AR pathway inhibition, increased GR expression and subsequent GR activation mediate PC resistance to anti-AR therapy, potentially through inducing expression of genes encoding pro-cell survival proteins. Using both in vitro and in vivo models of human PC, we found that GR expression and activation mitigate the growth inhibitory effects of AR blockade, leading to CRPC progression. Furthermore, GR activation appears to bypass the effects of reducing AR signaling through increasing the expression of established anti-apoptotic genes such as serum/glucocorticoid-regulated kinase 1 (SGK1). Moreover, increased expression of SGK1 alone is sufficient to accelerate CRPC xenograft tumor growth.
Materials and Methods

Cell Lines and Culture Materials
All cell lines were routinely screened for mycoplasma contamination using the American Type Tissue Culture (ATCC) Universal Mycoplasma Detection Kit (Manassas, VA). The PC3 human prostate carcinoma cell line was purchased from ATCC. The DU145, LNCaP, CWR-22Rv1, VCaP, and LAPC4 cells were a generous gift of Dr. John Isaacs (Johns Hopkins University) and have been previously characterized [26] . All cell lines, except the LAPC4 and VCaP cell lines, were cultured in RPMI 1640 (Mediatech) supplemented with 10 % fetal calf serum (FCS) (Atlanta Biologicals) and 1 % penicillin (100 units/ml)/streptomycin (100 Ag/ml; BioWhittaker/Cambrex). The LAPC4 human PC cell line was cultured in IMDM (ATCC) supplemented with 10 % FCS, 1 % penicillin/streptomycin, and 1 nM R1881 (SigmaAldrich), and VCaP cells lines were cultured in DMEM (Mediatech) supplemented with 10 % FCS and 1 % penicillin/streptomycin. Charcoal stripped serum was utilized when specified (Atlanta Biologicals). Secreted total prostatespecific antigen (PSA) was measured from collected media using the Elecsys Total PSA Assay (Roche).
Cell Treatments LAPC4 and CWR-22Rv1 cells lines were plated at 5×10 4 in 6-cm cell culture dishes using standard media listed above, supplemented with either 10 or 1 % charcoal stripped serum as specified. Cells were treated for 2 h, 3 h, 7 h, or 14 days with combinations of the following chemical treatments (or vehicle control) as described below: 1 nM R1881 (Sigma-Aldrich), 10 μM MDV (Selleck Chemicals and Medivation), 100 nM dexamethasone (Sigma-Aldrich), 10 μM Casodex (SigmaAldrich), 100 nM mifepristone (Sigma-Aldrich), 1 μM CORT 122928 (Corcept Therapeutics), and 1 μM GSK 650394 (Tocris Bioscience). For doxycycline treatment, cells were grown in 1 μg/ml (in water) doxycycline (SigmaAldrich).
Cell Line Generation
For generation of SGK1-overexpressing cell lines, LAPC4 and CWR-22Rv1 cell lines were grown in the standard media conditions and plated at 5×10 5 per 6-cm dish. pLPCX-Flag-SGK1 and pLPCX empty vector plasmids, described previously [16] , were transfected using 5 μg plasmid DNA with the Lipofectamine LTX kit according to manufacturer's instructions (Invitrogen). Cells were then selected using puromycin (1 μg/ml, Invitrogen); stable cell line pools were generated and screened via Western blot for overexpression of SGK1. For GR knockdown, two separate systems were employed. For the LAPC4 cells, the RNAi-Ready pSIREN-RetroQ plasmid (6.4 Kb, Invitrogen) was cut with BamH1 and EcoR1 restriction endonuclease enzymes to clone in a GR-targeted short hairpin RNA modified from published GR-targeted short hairpin RNA (shRNA) studies [19] : upper, 5′-GAT  CCG CGG GAG AAG ACG ATT CAT TCC TTT TTC  AAG AGA AAA GGA ATG AAT CGT CTT CTC CCG  TTT TTT ACG CGT G-3′; lower, 5′-AAT TCA CGC GTA  AAA AAC GGG AGA AGA CGATTC ATT CCT TTT CTC  TTG AAA AAG GAATGA ATC GTC TTC TCC CGC G-3′. The scrambled shRNA purchased from the manufacturer (Invitrogen) was used as a control. The cloned sequences were confirmed with U6 primer (5′-GGG CAG GAA GAG GGC CTA T-3′)-initiated sequencing. The PC cells were infected with high titer virus of either RNA1-Ready pSIREN-RetroQGRshRNA (GR shRNA) or RNA1-Ready pSIREN-RetroQscramble shRNA (ss shRNA) and selected with puromycin (1 μg/ml). GR depletion was assessed with Western blot analysis. A second GR knockdown method was utilized for the CWR-22Rv1 cell line. GR knockdown was achieved using the pTRIPZ doxycycline-inducible lentiviral shRNA system (Open Biosystems). HEK293T cells were plated in duplicate at 6×10 6 in 10-cm dishes. pTRIPZ shRNA GR plasmids (Open Biosystems, Lafayette, CO) were transfected using reagents from the Trans-Lentiviral Packaging System (Open Biosystems) according to manufacturer's instructions. Virus was collected using a 0.45-μM filter and frozen down in 1.5-ml aliquots. Viral aliquots were added to 8.5 ml complete media and placed on target cells with Polybrene at 8 μg/ml overnight. Complete media were replaced for 24 h and then selected with puromycin (1 μg/ml, Invitrogen). After selection, stable pools were treated with doxycycline 1 μg/ml for 8 h, and GR depletion was confirmed with Western blot analysis.
Protein Lysate Preparation and Immunoblotting
Cell cultures were washed in ice-cold phosphate-buffered saline (PBS) and protein lysates prepared u sing radioimmunoprecipitation assay (RIPA) buffer as previously described [41] . Tumor lysates were prepared similarly using RIPA buffer and a glass dounce homogenizer. Protein concentrations were determined using the Pierce BCA Protein Assay Kit (Thermo Scientific). Total protein was resolved by SDS-PAGE on 4-20 % Precise Protein Gels (Pierce) and transferred to a nitrocellulose or PVDF membrane (Millipore). Membranes were blocked at 4°C overnight or for 2 h at room temperature in either Tris-buffered saline (TBS)-Tween 20 plus 5 % nonfat dry milk or BSA (wt/vol). Primary antibodies were diluted in blocking solution and incubated with the membrane for 1 h or overnight. Following six washes for 5 min each in TBS-Tween 20, the membrane was incubated with a horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h. After an identical series of washes, the HRP-conjugated secondary antibody was detected using the SuperSignal West Femto Maximum Sensitivity Chemiluminescence Substrate (Pierce). Alternatively, the LI-COR Odyssey imaging system was used to analyze immunoblots. Antibodies and concentrations were as follows: anti-SGK1 C-Term (1:500, Enzo Life Sciences [47]); anti-GR (1:1,000, Santa Cruz Biotechnology Cell Signaling); anti-AR (N20, 1:2,000, Santa Cruz); antiglyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:10,000, Cell Signaling); and anti-beta-actin (1:10,000, Sigma Aldrich). The secondary antibody used was an anti-rabbit (Cell Signaling) at 1:10,000. For LI-COR Western blots, the secondary antibodies were anti-rabbit IRDye 800CW and antimouse IRDye 680RD (1:10,000, LI-COR).
Chromatin Immunoprecipitation (ChIP)
For ChIP experiments, 22Rv1 and LAPC4 cells grown in various hormonal conditions were harvested for DNA as previously described [22] . Cellular DNA and proteins were cross-linked using 1 % formalin for 15 min followed by treatment with glycine (final concentration 125 mmol/L) for 5 min. Harvested chromatin was sheared using sonication and micrococcal nuclease (Thermo Scientific) digestion. Ten percent of each lysate was set aside to analyze input protein and DNA. Appropriate DNA digestion was verified using a 3 % agarose gel for size detection. Immunoprecipiation (IP) was performed using rabbit ChIP grade antibodies for AR (Nterminal antibody raised against AR amino acids 1-50 of human origin, Santa Cruz) and GR (N-terminal antibody raised against amino acids 1-50 of human origin, Santa Cruz). A normal rabbit IgG antibody (Santa Cruz) was also used as a negative control. IP was confirmed with Western blot analysis (methods and antibodies described above) for GR and AR (Fig. S1 ).
Immunofluorescence
Immunofluorescence staining of xenograft tumors was performed on 6-μm paraffin tissue sections. After deparaffinization and rehydration, sections were treated with antigen retrieval buffer (DAKO) in a steamer for 20 min. Slides were incubated with 10 % normal goat serum (Cell Signaling) and with primary antibody/rabbit anti-GR H-300 (Santa Cruz, 1:100) and mouse anti-Ki67 (Dako, 1:50) diluted in PBS overnight at 4°C. Slides were then incubated with secondary antibody/anti-mouse conjugated to Alexa 488 and anti-rabbit conjugated to Alexa Fluor 647 (Cell Signaling, 1:1,000). Sections were counterstained with 4′,6-diamidino-2-phenylindole (DAPI, diluted 1:1,000 in PBS) (Invitrogen) to visualize nuclei and mounted with Fluoromount mounting medium (Sigma). Immunofluorescence staining was imaged using the AMG EVOS-FL microscope or Leica-Axiovert 200. Arbitrary false coloring of images was implemented using ImageJ software. Images were captured at same intensity and exposure for all conditions within each cell line. Any contrast/brightness changes were made consistently across images. For GR IF enumeration (VCaP xenografts), five representative fields were captured at ×40 magnification, and the numbers of GR-expressing and nuclear (overlapping with DAPI) cells were counted.
Quantitative Real-Time PCR (qRT-PCR) RNA was purified using the Qiagen RNeasy Mini Kit with the optional DNAse digestion kit (Qiagen, Valencia, CA) and quality tested using an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA). For standard qRT-PCR, extracted RNA was converted to cDNA by reverse transcription using SuperScript® III Reverse Transcriptase (Invitrogen). mRNA transcript levels of SGK1, GR, PSA, Map kinase phosphatase 1 (MKP1), and GAPDH were quantified using Power SYBR® Green Master Mix (Invitrogen) using customdesigned primers (Table S1 ). Similarly, for targeted quantitative PCR of ChIP samples, primers were designed and implemented to amplify known AR/GR-binding regions within the promoters of PSA and SGK1 (Table S1 ) [1, 30] . For mRNA expression analysis, average change in threshold cycle (ΔCT) values was determined for each of the samples relative to endogenous GAPDH levels and compared to vehicle control or serum-starved control as indicated (ΔΔCT). Experiments were performed in triplicate to determine standard error of the mean (SEM) and Student's t tests performed using SigmaPlot (version 11, Systat). For graphical representation of mRNA expression data, the fold change from control (2 
In Vitro Determination of Tumor Cell Survival
Cell lines were plated at 5×10 4 in 6-cm cell culture dishes in standard growth media. After 24 h, the media was removed, plates washed with room temperature PBS ×2, and fresh media with charcoal stripped serum with specified treatment condition. At specified days of treatment [45, 48] , cell cultures were washed, trypsinized, spun to pellet, and resuspended in medium containing serum to neutralize the trypsin. Trypan blue exclusion assay was performed by adding 1:1 solution of trypan blue (Hyclone) to the cell suspension and then by counting viable cells. Counts were performed in a blinded fashion. Three biological replicates were assayed per condition, per time point, and the mean and standard error of the mean reported. A two-sided Student's t test was performed to compare two conditions.
In Vivo Tumor Formation
All animal studies were carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. In vivo tumor formation of LAPC4 and CWR-22Rv1 cells was conducted via a subcutaneous inoculation of 1×10 6 (LAPC4) or 2×10
5 (CWR-22Rv1) cells in 4-6-week-old male athymic nude mice (Harlan) using 100 μL of 75 % Matrigel and 25 % HBSS solution (BD Biosciences). To measure tumor take in a castrated host, host mice were surgically castrated 1 week prior to cell inoculation. Time to castrate resistant tumor formation was defined as the time from inoculation until tumors measured 100 mm 3 . To measure tumor progression to castration resistance, animal hosts were castrated when tumors reached 150 mm 3 and followed until tumors doubled in volume, at which point progression endpoint was met and documented as such. For doxycycline treatment, animals were fed doxycycline-containing diet (200 mg/kg, Bio-Serve) ad libitum. Animals treated with mifepristone were dosed at 12 mg/kg/day using intraperitoneal injection. As in doxycycline treatment, mifepristone or vehicle treatment was started when tumors reached 150 mm 3 and followed until tumors doubled in volume, at which point progression endpoint was met and documented as such. The pharmaceutical grade mifepristone (Corcept Therapeutics) used for in vivo work was first dissolved in ethanol (0.066 % w/v) and then diluted in sesame oil (1:10, Fisher Scientific) as a drug vehicle. Time-toevent (progression or tumor formation) Kaplan-Meier curves were generated using SigmaPlot (V11, Systat), and the curves were compared using a log-rank analysis. At the endpoint of all experiments, tumors were harvested for protein (snap frozen in liquid nitrogen and stored at −80) or fixed in formalin for subsequent tissue embedding.
Statistical methods and analyses were performed in collaboration with biostatisticians within the Biostatistics Core at the University of Chicago.
Results
GR Expression Increases in Prostate Cancer Following AR Inhibition
In primary human PC, GR protein expression frequently increases following anti-AR therapy [41, 50] . To investigate a possible role for increased GR signaling in CRPC progression, we first investigated GR expression in several commonly studied PC cell lines at baseline and following AR antagonism using Western blot analysis [31] . As shown in Fig. 1A , baseline GR expression was high in the AR-negative cell lines DU145 and PC3, while steady-state levels were very low in the AR-positive, AR-dependent cell lines LNCaP (mutated AR), LAPC4 (wild-type AR), and VCaP (wild-type AR). The CWR-22Rv1 (22Rv1) cell line is castration-resistant (i.e., it reliably forms xenografted tumors in a castrated host) and demonstrated high baseline GR expression and relatively low AR expression. Of note, the 22Rv1 cells express both a full length AR with a mutation in the ligand binding domain (LBD, H874Y) that is able to use other non-androgen hormones, such as the GR agonist dexamethasone as a ligand, as well as common AR splice variants found within human PC, that are active in the absence of ligand [3, 11] .
To determine whether PC cell lines cultured in the presence of the AR inhibition developed increased GR expression, we examined GR (NR3C1) mRNA and protein expression in cells treated with the potent AR antagonist MDV3100. Notably, when LNCaP, LAPC4, and VCaP PC cell lines were grown in 10 μM MDV3100 for >30 days, qRT-PCR revealed a significant increase in GR mRNA expression compared to the cell lines grown in control medium (Fig. 1B) . LNCaP, which has no detectable GR expression under steady-state conditions, displayed the most robust upregulation of GR mRNA. These findings at the mRNA level were consistent with Western blot analysis, which also showed increased GR protein expression (Fig. 1B) . The 22Rv1 line had no significant relative induction of GR mRNA or protein, although the basal level of 22Rv1 GR expression is the highest among the cell lines that express AR and may account for the lack of further induction of GR expression. In sum, these cell line data are consistent with our previous report showing increased GR expression occurring in a subset of patient tumors following AR inhibition [41] . PC cell line xenografts were then established in athymic male nude mice, and a subset of those animals was surgically castrated. The xenografts were removed from both intact (non-castrated) and castrated hosts after 30 days and examined for GR expression using immunofluorescence (Fig. 1C) . We observed low tumor GR expression for LNCaP and LAPC4 cell lines and modestly elevated GR expression in the 22Rv1 xenograft grown in non-castrated mice. For both the LAPC4 and LNCaP cell lines, nuclear (staining overlays with DAPI nuclear staining) GR expression in tumor cells was significantly increased in castrated hosts compared to intact animals, suggesting the possibility of increased GR expression and activity. We also examined the proliferation marker Ki-67 within these xenografts to determine if the higher GRexpressing regions were more proliferative compared to the lower GR-expressing regions. For both LAPC4 and LNCaP xenografts, proliferation rates (percentage Ki-67 positivity) were decreased within the low-GR-expressing regions following castration. For the LAPC4 xenograft, we observed sustained Ki-67 staining in the high-GR region compared to low-GR region of the same tumor, suggesting a role for the GR in compensating for AR inhibition (Fig. S2 ). In the LNCaP xenograft from the non-castrated host, Ki-67 cell positivity was low and in the castrated host was diminished throughout (data not show).
We next examined GR protein levels by Western analysis within parallel tumor xenografts at various time points after castration (Fig. 1D) . We found that total GR protein steadily increased within 30 days of post-castration. Of note, within xenograft lysates, there appeared to be a large fraction of GR isoform D [12] , which alternatively could represent degraded GR. Compared to other AR-expressing PC xenografts within a castrated host, 22Rv1 xenografts did not exhibit a substantial increase in GR expression, similar to the in vitro findings above. However, within 22Rv1xenografts, a distinctly nuclear GR pattern was seen in the 30-day post-castration tumors (Fig. 1C) . Of note, VCaP xenografts completely regressed 30 days after castration, making analysis of GR expression impossible at this time point. However, at 7 days postcastration, there was a noticeable increase in GR-expressing cells compared to the intact animal's xenograft (Fig. 1C) . Unlike the LAPC4 and LNCaP post-castration xenografts that showed distinct regions within the tumor with increased GR expression, for the VCaP cell line, the GR-expressing cells were distributed throughout the tumor and less focal. Compared to the non-castrated xenograft, there was a statistically significant increase in GR-expressing cells per imaged field (mean±standard error of the mean number of GR+ cells 43.2 ±3.3 versus 21.6±3.1, p<0.01). In sum, increased PC GR expression following AR antagonism or castration suggests a potential role for GR signaling in PC resistance to AR inhibition. Given these results and the increase in GR expression within a significant subset of prostate cancers we observed previously, castration-resistant prostate cancer appears to be associated with the acquisition of increased nuclear GR expression and potentially activity.
To further examine GR expression in the presence and absence of defined ligands, we studied these cell lines in media supplemented with 10 % charcoal stripped serum and various combinations of the synthetic AR agonist R1881 (1 nM) or GR agonist dexamethasone (Dex, 100 nM) and the AR antagonist MDV3100 (10 μM). Consistent with Fig. 1 , 22Rv1 cells had no significant increase in GR (NR3C1) mRNA expression following 3 days of MDV3100-mediated AR antagonism ( Fig. 2A) . However, this short 3-day treatment demonstrated that in LAPC4 cells, there was a clear increase in GR mRNA with MDV3100. A similar pattern with GR protein at 3 days was detected by Western blotting (data not shown). Consistent changes in both mRNA and protein levels suggest that regulation of GR, following AR inhibition, occurs transcriptionally and not translationally. Longer AR antagonist exposure led to even further increases in GR protein levels within the LAPC4 cells (Fig. 2B) . Consistent with previous reports, we observed that AR is stabilized (more AR protein visualized) in LAPC4 cells following androgenmediated activation [51] . Concomitant with increased GR expression, MDV3100 treatment resulted in decreased AR protein levels (Fig. 2B) . To ensure these changes were not specific to MDV3100, a second AR antagonist, Casodex (CDX, bicalutamide), was used. After 3 days of treatment with CDX, GR expression increased similarly (Fig. S2B) . We also explored the expression of AR and GR for the LAPC4 and 22Rv1 cells after 14 days of various hormonal manipulations and found that the changes seen after 3 days persisted at this time point (Fig. 2C) . Furthermore, within the 22Rv1 cell line, we noted a slight increase in the expression of GR with the addition of MDV3100 to R1881 and Dex. Taken together, these data further suggest an association between AR inhibition and subsequently increased GR expression. Moreover, these data support a model in which GR expression in PC increases independent of how AR signaling is blocked. Surgical castration (removing AR ligand) or treatment with a specific AR antagonist (MDV3100, CDX) both resulted in increased GR expression.
GR Signaling Reduces the Efficacy of AR Inhibition
To begin exploring the functional relationship between AR and GR signaling in PC, we next asked whether GR activation could alter the antiproliferative effects of blocking AR activity. The LAPC4 and 22Rv1 PC cell lines were grown in media supplemented with charcoal stripped serum, exogenous androgen, and various combinations of MDV3100 and +/− dexamethasone (100 nM) for 14 days. Trypan blue exclusion assay was then used to determine the number of live cancer cells. Dex-induced GR activation led to increased relative cell viability of PC cells in the presence of R1881 and MDV3100 (Fig. 3A, B) . MDV3100 significantly decreased cell viability for the LAPC4 cells (p<0.05), whereas total viable cell numbers were not significantly changed for the castration-resistant 22Rv1 cells (Fig. 3A) . Paradoxically, when 22Rv1 cells were grown with R1881 and Dex, the addition of enzalutamide increased cell viability (Fig. 3A) . Although the total number of viable cells in the 22Rv1 cell line did not decrease upon enzalutamide treatment, in both cell lines, GR activation with Dex increased relative cell viability following AR antagonism with enzalutamide (Fig. 3B) . Notably, Dex at 100 nM had no impact on LAPC4 cell viability; however, it did decrease cell proliferation in the 22Rv1 cells when AR signaling was intact (with R1881, Fig. 3A) .
Although testing cell viability in the presence of androgen (R1881) is most relevant given that all patients with prostate cancer have detectable androgen levels, we also performed a tumor cell viability experiment with androgen and glucocorticoid alone (Fig. S3B) . Compared to vehicle control, R1881 led to increased number of viable cells for LAPC4 cells, while Dex alone had no substantial effect on viability. For the 22Rv1 cells, we saw a similar increase in viable cells with R1881. However, Dex alone also increased the number of viable cells. This may be due to the mutation in the full length AR for the Error bars represent standard error of the mean, and asterisk indicates p<0.05 paired t test. For Western blot, parental cell lines (P) are compared to the MDV3100 (MDV) treated. The GRα isoforms are labeled to the left of the immunoblot. C Xenografted PC tumors from host mice with intact androgen production versus 30-day-status post-castration were analyzed using an immunofluorescent anti-GR antibody and were also stained with DAPI. D Protein immunoblots from prostate cancer xenografts analyzed grown in intact (In) non-castrated mice, 48 h (48h), 7 days (7D), and 30 days (30D) post-castration 22Rv1 cells, which can bind to Dex as a ligand [3] . Of note, in both cell lines, higher dose Dex (1 μM) led to decreased total cell numbers in the context of intact AR signaling (R1881 + Dex condition, Fig. S3C ), consistent with published data [51]. However, following AR antagonism, the corticosteroid Dex at both doses tested led to increased relative PC cell viability (Figs. 3A, B and S3C ). Treatment of a third PC cell line, VCaP, yielded results similar to the LAPC4 and 22Rv1 cell lines; the addition of Dex led to increased cell viability compared to MDV3100 treatment alone (Fig. S3A) .
To determine whether the pro-survival effects seen with Dex were mediated through GR signaling [32] , mifepristone (Mif) was used to antagonize the GR. The addition of Mif reversed the cell survival effects of Dex in the setting of MDV3100 treatment (Fig. 3A, B) . Because Mif has reported mixed agonist/antagonist activity and could act as ligand to mutant AR, a highly selective GR antagonist (CORT 122928) without detectable AR ligand binding (Dr. Robert Roe, Corcept Therapeutics, personal communication) was also examined. Similar to Mif, the protective effects of GR activation were reduced with CORT 122928 (Fig. S3D) . In aggregate, these data support the hypothesis that GR activation blunts the effectiveness of AR blockade.
We next sought to test the hypothesis that the GR activity contributes to castration-resistant PC progression in vivo. To ensure clearance of systemic testicular androgens, the animals underwent surgical castration 1 week prior to tumor cell injections. Stably transfected pools of LAPC4 cells expressing an shRNA construct with validated target specificity [16] to GR (NR3C1) (~75 % depletion by densitometry, Fig. 3C inset), or a scrambled sequence (SS) shRNA control, were injected subcutaneously (SC) into immunocompromised mice. The animals were monitored for the development of castration-resistant PC tumors with serial measurements. As shown in Fig. 3C, LAPC4 -GR shRNA cells demonstrated a significant decrease in the development of castration-resistant tumors, corresponding to an increase in castration-resistant tumor-free survival (p=0.038). With this same shRNA construct, stably expressing 22Rv1 cell line pools showed no decrease in GR expression; therefore, a doxycycline (Dox)-inducible GR-specific knockdown (KD) construct (TRIPZ shRNAmir, Open Biosystems) was used. Several constructs were tested for the efficacy of GR knockdown, and the H12 TRIPZ plasmid was utilized for further experimentation as it had the most significant degree of knockdown in our cell line. With the TRIPZ H12 plasmid, there is a~65 % knockdown (by densitometry) of the GR protein level within a stably selected pool of GR-KD cells with Dox treatment by Western blot (Fig. 3D, inset) . Doxycycline had no effect on GR expression in the non-silencing control (NSC)-transfected cells. In addition, there was no effect on cell viability when the NSC cells were treated with Dox in vitro (data not shown). When 22Rv1 GR-KD cells were established as SC xenografts, the animals were surgically castrated and half were fed Doximpregnated food. The animals were followed until CRPC tumor progression using serial tumor measurements. Given Fig. 2 GR expression/activation levels following AR inhibitor therapy. Hormonal therapies utilized included: R1881 (1 nM), a synthetic androgen; dexamethasone (Dex, 100 nM), a GR agonist; and MDV3100 (MDV, 10 μM), an AR antagonist. A 22Rv1 and LAPC4 GR mRNA expression analysis by qRT-PCR after 3 days of treatment; normalized to GAPDH and depicted as fold change relative to vehicle. B Western blot analysis of 22Rv1 and LAPC4 GR and AR protein expression after 3 and 7 days of treatment. All conditions were treated with Dex and R1881. Asterisk denotes AR splice variants within 22Rv1 cells. C 22Rv1 and LAPC4 cells were treated for 14 days under various conditions the aggressive nature of the 22Rv1 cell line, large castrationresistant tumors developed within days of castration. However, similar to the LAPC4 xenografts, the 22Rv1 xenografts had a statistically significant delay in castration-resistant progression when GR was depleted using GR shRNA expression (p= 0.009; Fig. 3D ). In addition to delaying time to castrationresistant progression, the xenograft tumors following doxycycline-induced GR depletion were smaller then the non-depleted control tumors over time (two-way ANOVA, p<0.01) (Fig. S4A) . For the LAPC4 xenografts, as many xenografts did not initiate growth, comparison of tumor sizes between the two groups was not feasible. In both xenograft experiments, tumors were harvested and GR protein levels were examined by immunofluorescence, confirming continued shRNA-induced GR knockdown (Fig. S4B) . Given the highly castration-resistant nature of the 22Rv1 line and their relatively small (but still statistically significant) delay in castration-resistant tumor development with GR depletion, a second in vivo model was utilized for this cell line. Upon castration-resistant tumor initiation, mice were treated with mifepristone (12 mg/kg/day) or vehicle daily. Mifepristone treatment was associated with an approximately 33 % prolongation of time to tumor progression compared to vehicle treatment (Fig. S4C) . Collectively, these data support a role for GR signaling in CRPC progression and imply that blocking GR activity may delay tumor progression.
Increased GR Activation Can Induce Expression of AR-Regulated Pro-Cell Survival Genes in PC Our results suggest that GR expression and activation can increase tumor cell survival and are pro-tumorigenic despite AR signaling inhibition. One possible mechanism for these observations is that GR could regulate the expression of shared AR and GR target genes in PC. The gene encoding PSA, KLK3, is an AR-regulated gene whose protein product is a serum biomarker used clinically to monitor PC disease burden. To explore the potential for GR to regulate canonical AR target genes following AR inhibition, KLK3 (PSA)was the initial gene interrogated. We first examined PSA production in PC cells under controlled conditions of AR and GR activation. As anticipated, following AR antagonism with MDV3100, there was a significant decrease in PSA secretion in conditioned media in both LAPC4 and 22Rv1 cell lines (Fig. 4A) . Interestingly, in both cell lines, GR activation with Dex alone induced PSA production and when combined with R1881 led to PSA levels greater than those seen with R1881 alone. Furthermore, GR activation resulted in sustained PSA expression despite MDV3100 treatment. PSA secretion did not decrease significantly with the addition of MDV3100 to Dex treatment; however, as expected, PSA secretion decreased with concomitant mifepristone treatment (Fig. 4A) .
We next tested the hypothesis that in the context of AR antagonism, GR activation regulates AR target genes encoding proteins promoting cell viability. Prior to a global study of GR-regulated genes contributing to CRPC progression, we started with the known AR-and GR-regulated genes SGKI and MKP1. These genes encode proteins which are critical mediators of GR-regulated survival in the context of breast cancer and chemotherapy sensitivity [27, 48] . SGK1 encodes an AGC-family kinase that is known to be transcriptionally upregulated by both the AR and GR [36, 47] . In models of human PC, increased SGK1 expression facilitates AR-regulated cell survival, and in breast cancer, SGK1 expression confers relative resistance to chemotherapy-induced cell death [36, 37, 47] . Therefore, we examined SGK1 expression induced by GR activation during treatment with AR agonists and antagonists. Using Western blot analysis, we found that similar to PSA secretion, SGK1 expression in LAPC4 cells increased after AR and GR activation and was highest when both receptors were activated concomitantly (Fig. 4B) . MDV3100 substantially decreased SGK1 expression despite the presence of R1881. Within this context of AR blockade, GR activation again increased SGK1 expression and this was reversed with the GR antagonist Mif. As was the case with PSA, for the 22Rv1 cells, SGK1 appeared to be most strongly regulated by the GR. In fact, SGK1 expression is decreased when Dex and R1881 are combined, compared to Dex alone, and again increased with AR antagonism by MDV3100. SGK1 expression in this line also decreased down to levels observed in the vehicle condition when treated with Mif. Interestingly, although SGK1 seems to be minimally regulated by AR in vitro, upon surgical castration in vivo, the 22Rv1 xenografts expressed much less SGK1 after 48 h (Fig. 4C) . At 30 days post-castration, SGK1 levels again increased which may be due to the activation of the GR over time. In the LAPC4 xenografts, where GR expression increased post-castration, we saw sustained SGK1 levels throughout the time course of castration (Fig. 4C) . Finally, we explored SGK1 expression in our GR-KD cell lines. In both cell lines, with the addition of R1881, MDV3100, and dexamethasone, GR knockdown decreased SGK1 expression (Fig. 4D) .
MKP1 is another GR target gene whose induction is associated with increased cell survival [47, 48] . The role of MKP1 in PC is unknown. MKP1 protein was not detectable using available antibodies (data not shown), and evaluation via Western blotting was not possible in these cell lines. However, using quantitative RT-PCR, MKP-1 (dual specificity phosphatase 1 (DUSP1) mRNA expression increased in both cell lines following treatment with R1881 and dexamethasone, while steady-state mRNA levels decreased with MDV3100 and decreased further with GR antagonism (Fig. 4C) . The pattern of anti-apoptotic gene regulation suggests that increased GR signaling may counteract diminished AR activity via the upregulation of pro-survival genes to facilitate cancer cell survival.
To determine whether or not GR directly regulates our AR target genes of interest, we first analyzed mRNA expression immediately following AR and/or GR modulation with various ligands and antagonists. PSA (KLK3) expression was lowest in the R1881 + MDV3100 condition, increased significantly with the addition of Dex despite AR antagonism, and decreased with Mif (Fig. 5A) . These trends were even more apparent when looking at SGK1 expression (Fig. 6A) . Similar results were seen with the pro-survival gene MKP1 (data not shown).
To further understand the mechanism of increased expression of these specific AR target genes following GR activation, we examined GR occupancy within their respective promoter regions. ChIP experiments were conducted in both 22Rv1 and LAPC4 lines under various hormonal conditions. Of note, to parallel the clinical condition where patients are treated with AR antagonists chronically, we performed these assays with AR activation at steady state (3 days of treatment with R1881±MDV3100). Specifically, we sought to examine the difference in GR chromatin binding between conditions where AR is chronically activated with androgen compared to its inhibition with a second-generation AR antagonist such as MDV3100. Targeted qPCR was performed following either AR or GR ChIP for PSA and SGK1 known AR binding regions within their respective promoters. Due to the presence Fig. 4 Ligand-bound GR regulation of AR target genes in the absence of AR signaling. A Conditioned media were collected after 3 days of agonist and/or antagonist treatment, and secreted PSA was measured by ELISA. B SGK1 protein expression by Western blot analysis after 7 days of treatment. C Protein immunoblots from PC xenografts at various time points post-castration as in Fig. 1d . D SGK1 immunoblots of GR-depleted shRNA expressing cell lines shown in Fig. 2 showing decreased SGK1 expression (normalized densitometry shown) in the setting of GR depletion. E mRNA was collected from LAPC4 and 22Rv1 cells treated for 7 days under various hormonal conditions, and MKP1 gene expression was assessed by qRT-PCR. The conditions used included: R1881 (1 nM), a synthetic androgen; dexamethasone (Dex, 100 nM), a GR agonist; MDV3100 (MDV, 10 μM), an AR antagonist; and mifepristone (Mif, 100 nM), a GR antagonist of AR splice variants, as well as the possibility of the mutant AR potentially utilizing Dex as a ligand, we began our analysis with the 22Rv1 cells. As anticipated, relative to control IgG ChIP, treatment with R1881 increased AR occupancy at the both PSA and SGK1 promoter regions (Fig. S5A) . Despite the presence of ligand-independent splice mutants in the 22Rv1 line, AR promoter occupancy decreased following treatment with the AR antagonist MDV3100 (Fig. S5A) . Of note, the addition of Dex to R1881 treatment compared to R1881 treatment alone increased AR chromatin occupancy of the KLK3 promoter, potentially due to mutant AR LBD responding to Dex [3] . However, when AR is antagonized with MDV3100, the addition of Dex to R1881 treatment did not significantly increase the chromatin binding of AR within either promoter region (Fig. S5A) . We also tested the chromatin binding to the KLK3 promoter for the 22Rv1 cells when treated with Dex alone. Importantly, there was no recruitment of AR to the KLK3 promoter with Dex alone in comparison to vehicle (Fig. S5B) . In the LAPC4 cells, R1881 led to increased AR occupancy of both gene promoter regions, A mRNA was collected from LAPC4 and 22Rv1 cells treated for 2 h under various hormonal conditions, and PSA gene expression was assessed by qRT-PCR. B Both 22Rv1 and LAPC4 cells were treated for 3 days in either vehicle, R1881 (1 nM), or R1881 + MDV3100 (10 μM) containing media. Conditions specifying dexamethasone treatment were stimulated with Dex (100 nM) for 1 h prior to chromatin harvest. Targeted qPCR was performed for the PSA promoter after ChIP, and y-values represent fold chromatin enrichment (relative to IgG controls for each condition). Error bars represent standard deviation of mean cycle threshold values, and asterisk indicates p<0.05 of performed paired t tests (only included for key statistical analysis) which was reversed with the addition of MDV3100 (Fig. S5C) .
Most pertinent to our underlying hypothesis, we next evaluated GR occupancy of known AR/GR binding regions in the PSA and SGK1 gene promoter regions. In the 22Rv1 cells, when AR signaling was antagonized with MDV3100, GR occupancy of target gene promoter regions significantly increased compared to the R1881 + Dex condition (Figs. 5B and  6B ). In fact, for SGK1, there was essentially no chromatin enrichment with GR activation when AR signaling was intact, whereas there was a doubling of occupancy when GR was activated following AR antagonism (Fig. 6B) . The chromatin enrichment patterns seen in the LAPC4 cells were similar within these regions of DNA. As with the 22Rv1's, for LAPC4's, in the setting of glucocorticoid, GR occupancy significantly increased following AR antagonism (Figs. 5B  and 6B ). The enrichment of chromatin occupancy seen within the LAPC4 cells may be in part due to the increase in GR protein levels following MDV3100 treatment. With respect to GR occupancy in the SGK1 gene promoter following AR antagonism, GR occupancy increased in both cell lines tested. This enrichment was significant in both lines; however, the Fig. 6 Increased regulation of SGK1 by the GR following AR antagonism. A mRNA was collected from LAPC4 and 22Rv1 cells treated for 2 h under various hormonal conditions, and SGK1 gene expression was assessed by qRT-PCR. B Both 22Rv1 and LAPC4 cells were treated for 3 days in either vehicle, R1881 (1 nM), or R1881 + MDV3100 (10 μM)-containing media. Conditions specifying dexamethasone treatment were stimulated with Dex (100 nM) for 1 h prior to chromatin harvest. Targeted qPCR was performed for the region within the SGK1 promoter after ChIP, and y-values represent fold chromatin enrichment (relative to IgG controls for each condition). Error bars represent standard deviation of mean cycle threshold values, and asterisk indicates p<0.05 of performed paired t tests (only included for key statistical analysis) magnitude of change was not identical with the 22Rv1's showing a larger fold enrichment. The reason for this difference is not clear; however, in the 22Rv1's, there was a decrease in AR occupancy with MDV3100, potentially leading to more accessibility within this specific section of the SGK1 promoter for GR binding within this line. Dex alone increased GR occupancy of the KLK3 promoter compared to vehicle alone (Fig. S5B) . Notably, as with 3 days of androgen treatment (Fig. 5B) , following 1 h of R1881 treatment, GR promoter occupancy after Dex activation was highest with the addition of MDV3100 (Fig. S5B) . In sum, these data support a model in which following AR antagonism with MDV3100, chromatin occupancy of activated GR is increased, which leads to maintained expression of AR/GR target genes.
SGK1 Expression Promotes CRPC Progression
We next sought to determine whether SGK1 expression is required for the effects of GR following anti-AR treatment. LAPC4 and 22Rv1 cell lines were grown for 7 days in androgen (R1881), Dex, MDV3100, and/or the SGK1 inhibitor GSK650394 and assayed for total viable cancer cells using trypan blue exclusion assay (Fig. 7A) . Of note, GSK650394 is a validated SGK1/2 (SGK1>SGK2) small molecule inhibitor that has been shown to counteract ARmediated PC cell survival in vitro with similar effect in comparison to SGK1-targeted siRNA [37] . It has not been tested in PC with respect to mitigating GR activation. For LAPC4 cells, GSK650394 alone decreased tumor cell viability, which is perhaps consistent with the higher baseline AR-regulated SGK1 expression in that cell line (Fig. 4B) . In both cell lines, GSK650394 increased MDV3100's ability to decrease prostate cancer cell survival (Fig. 6A) . As GR modulation impacted in vivo castration-resistant tumor progression (Fig. 3C, D) , we then tested the hypothesis that the GR-regulated prosurvival gene SGK1 would be sufficient to promote castration resistance. Stable pools of SGK1-Flag overexpressing or empty vector PC cell lines were generated (Fig. 7B, C insets) . Of note in the LAPC4 line, the endogenous levels of SGK1 were lower than those of the SGK1-Flag-overexpressing cells. However, the 22Rv1 SGK1-overexpressing cells had levels of protein comparable to parental cells treated with R1881 + Dex + MDV3100 (Fig. S4D) . Furthermore, with glucocorticoid treatment in vitro, SGK1 levels persisted despite AR antagonism with MDV3100 (Fig. 4B) . Therefore, SGK1-overexpressing cells were appropriate for testing SGK1's role in castration-resistant progression in vivo. Castrated athymic nude mice were injected bilaterally (one side vector, one site SGK1-Flag-expressing cells) in the subcutaneous tissues and monitored for castration-resistant tumor development with serial tumor measurements. In both cell lines, there was accelerated castration-resistant tumor initiation with SGK1 overexpression ( Fig. 7B, C ; log-rank LAPC4, p=0.002; 22Rv1 p= 0.033). Thus, the overexpression of SGK1, a gene that is upregulated by both AR and GR activation, facilitates CRPC establishment in vivo. Fig. 7 The functional role of SGK1 in androgen signaling-deprived PC. A PC cells were treated with SGK1 inhibitor GSK650394 (GSK, 1 μM) for 7 days, and cell viability was assessed with trypan blue exclusion assay. Cell survival results are displayed relative to R1881 plus dexamethasone control (first bar). Error bars represent standard error of the mean, and asterisk denotes p<0.05 using a paired Student's t test. B Median time to tumor initiation of LAPC4 cells ectopically expressing SGK1-Flag versus control within a castrate host is 76 days versus not reached (log-rank test p=0.002). C Time to 22Rv1 xenograft establishment showing median castration-resistant tumor-free survival of mice bearing 22Rv1 SGK1-Flag tumors versus control tumors 22 versus 37 days (p=0.033)
Discussion
Perhaps the largest unmet need for patients with metastatic PC is the identification and validation of signaling pathways that play a role in enabling resistance to AR-targeted therapy. Understanding the mechanisms responsible for tumor progression despite maximal blockade of AR activity is key to improving therapy of CRPC. Data from several laboratories, using PC model systems and patient samples, have shown that in prostate cancer cells, GR expression can increase following AR blockade. Here, we show that increased GR expression and activity in CRPC maintains prostate cancer cell viability despite AR inhibition and enables CRPC progression in vivo. Although it has been proposed that glucocorticoids may foster PC cell survival through ligand activation of mutant AR [32] , our data suggest that glucocorticoids can activate the GR within prostate cancer and increase pro-survival gene expression. Furthermore, the GR antagonists, mifepristone or CORT 122928, were able to reverse the pro-cell survival effects of glucocorticoids, presumably through inhibiting GR signaling. The effects of GR activity in CRPC are complex and may well be dependent on the AR activation state. In the context of functional AR signaling, our data (Figs. 3A and S3A, B) , as well as others, suggest that GR activation can slow prostate cancer cell proliferation [13, 50, 51] . Clinically, high dose glucocorticoids can occasionally confer palliative benefits to advanced PC patients. In CRPC, AR signaling is intact, which perhaps explains this observation. In addition to direct antiproliferative effects on prostate cancer cells, glucocorticoids may also have anticancer effects in CRPC through decreasing adrenal steroid production (e.g., androgen production), thereby decreasing AR activity within prostate cancer cells. Although when AR is active glucocorticoids may be antiproliferative in prostate cancer, our data suggest that when AR is inhibited (such as with the second-generation AR antagonist MDV3100) GR signaling may in contrast contribute to CRPC progression. A clinical trial of the GR antagonist mifepristone for the treatment of CRPC has been previously reported [42] . In this trial, when mifepristone was used alone, there were no clinical responses. However, following treatment with the mifepristone, patients experienced a significant increase in adrenal androgen production. The authors postulated that this increase in adrenal androgens promoted prostate cancer cell survival [42] . Based upon our findings, treatment with GR antagonists such as mifepristone [8] or CORT 122928 should be considered in conjunction with an effective AR antagonist such as enzalutamide.
In addition to providing evidence that increased GR activation in prostate cancer can promote failure of AR-targeted therapy, we also found that two GR target genes required for glucocorticoid-mediated cell survival in human breast epithelial cells (SGK1 and MKP1) are upregulated by GR signaling despite AR antagonism. A small molecule SGK1 inhibitor was able to overcome AR and GR activation to inhibit PC growth in vitro, and ectopic SGK1 expression was sufficient to enable castration-resistant progression in vivo. SGK1 is of particular interest as an AR/GR target gene in CRPC as it is activated by phosphorylation downstream of PI3-K/mTOR signaling, which is often aberrantly activated in PC especially in the setting of complete AR blockade [6] . Therefore, SGK1 inhibition may be a viable treatment strategy along with inhibiting AR activity (e.g., abiraterone or enzalutamide) [17] .
Although our data demonstrate a potential role for GR signaling in CRPC progression and AR-targeted therapy resistance, it is a beginning step in this line of inquiry, which will open the door to further investigation with respect to GR signaling in prostate cancer. One limitation of this work is that it was focused on established prosurvival AR target genes that could be downstream mediators of GR's role in CRPC progression. The target genes in prostate cancer for these two receptors are not entirely overlapping [33] . Furthermore, even when the two receptors share the ability to upregulate a single transcriptional target (e.g., SGK1), as we show for the 22Rv1 cells regulation may not be identical in magnitude. AR/GR target gene regulation is undeniably complex; a global understanding of GR's gene regulation pattern in CRPC, especially in the context of resistance to highly effective second-generation AR antagonists such as MDV3100, will be an essential next step. Further large-scale experiments are underway to characterize more completely how AR and GR DNA occupancy differ depending on the activation of each receptor. These results may identify novel AR gene targets that GR regulates following AR blockade to maintain prostate cancer cell survival.
Our studies focused on the LAPC4 and 22Rv1 cell lines as they express both detectable AR and GR under standard growth conditions yet have distinctly different AR isoforms and AR/GR expression levels as well as different GR changes in response to AR inhibition. With respect to dexamethasone potentially serving as a ligand for the mutated androgen receptor in the 22Rv1 cells, our data show the addition of dexamethasone did not increase AR chromatin occupancy for the genes we studied in the context of MDV3100 (Fig. S5) . The 22Rv1s are an established, aggressive, and castrationresistant cell line that potentially utilizes multiple mechanisms in the evasion of AR blockade. Furthermore, 22Rv1s express known ligand-independent AR splice variants that may limit the efficacy of AR antagonism [11, 23, 28] . Interestingly, despite the ligand-independent splice variants in the 22Rv1 cell line, we have shown that MDV3100 robustly decreases AR target gene expression and AR chromatin binding. Critically, we show that regardless of the lower relative potency of MDV3100 in this cell line, GR expression and activation can mitigate the efficacy of AR pathway inhibition. We utilized multiple nuclear hormones and antagonists within this work. It is conceivable that some of the changes observed are due to pleiotropic and nonspecific effects of these agents. With respect to the nuclear receptor antagonists studied, MDV3100 is a specific AR antagonist, and we observed no inhibitory affects on GR signaling or GR chromatin occupancy (in fact, we observed the opposite-an increase in GR activity following treatment with MDV3100). Mifepristone has been described to possess mixed antagonistic and agonistic properties and has established AR antagonist activity [39] . Given that MDV3100 [45] and mifepristone [3] have the same affinity for the AR ligand binding domain, at 10 μM, MDV3100 will likely outcompete 100 nM mifepristone. Furthermore, our data along with the established MDV3100 literature [45] illustrate that 10 μM MDV3100 effectively antagonizes 1 nM R1881, whereas at a 100:1 ratio of R1881 to Mif (e.g., 100 nM Mif and 1 nM R1881), mifepristone had little effect antagonizing the AR agonist [39] . Thus, with concurrent treatment of 10 μM MDV3100, the AR-targeted properties of mifepristone are likely inconsequential. Finally, the novel and highly specific GR antagonist CORT 122928 had effect similar to mifepristone on cell viability by reversing the prosurvival benefits associated with GR activation (Fig. S3C) .
Our work suggests an important role for increased GR expression and activity in CRPC progression despite AR antagonism and underscores the need to consider additional nuclear receptors and their role in the pathogenesis of prostate cancer progression. In addition to the work presented herein, the potential importance of GR signaling in accelerating CRPC progression has also been demonstrated by a concurrent publication using alternate PC models [2] . This work demonstrated that GR expression can increase with AR blockade and that decreased GR activity or expression delays CRPC progression in vitro and in vivo, particularly in a PC model with cells engineered to overexpress the AR. Furthermore, as with our work, the work by Arora and colleagues showed that GR can regulate AR target genes following AR antagonism. In contrast, our work utilized several human prostate cancer cell lines, with endogenous AR and GR expression that span the clinical spectrum of prostate cancer with respect to AR expression and AR variants and mutants. Furthermore, we utilized two separate GR antagonists that are FDA approved (mifepristone) or in clinical development (CORT 122928) that mitigated the prostate cancer cell survival advantage conferred by GR activation. Finally, our report uniquely suggests that the GR-regulated pro-survival gene SGK1 may be sufficient to promote CRPC progression.
Further work is necessary to dissect the mechanisms responsible for increased GR expression in prostate cancer. It is not known whether the increased GR expression observed is present globally in a tumor following AR inhibition; our xenograft would suggest that there may be a selection for a subpopulation of PC cells expressing high GR. Work with the estrogen receptor (ER) in breast cancer has suggested that the ER can contribute to proteasome-mediated degradation of GR [21] , and this may be one plausible mediator of the GR expression changes seen in PC. A recent report suggests that in certain prostate cancer cell lines, GR alpha and beta isoforms may have different roles: GR-beta stimulates proliferation while GR-alpha inhibits cell growth [24] . Characterizing the gene regulation differences between the numerous GR alpha isoforms in prostate cancer, specifically with respect to the development of AR-targeted therapy resistance, is warranted.
In summary, identifying pro-cell survival signaling networks mediating tumor growth and resistance to AR antagonism is critical for improving CRPC treatment. Several different mechanisms of resistance contributing to progression of CRPC are undoubtedly important. Recently, selection of enzalutamide-resistant clones in the setting of chronic enzalutamide treatment was found to be associated with acquired AR mutations in CRPC [4] . Our data suggest that increased GR signaling may be another endocrine-mediated mechanism mediating tumor cell viability through upregulation of pro-survival genes that would otherwise be downregulated following AR inhibition. 
